We report a whole-genome shotgun assembly (called WGSA) of the human genome generated at Celera in 2001. The Celeragenerated shotgun data set consisted of 27 million sequencing reads organized in pairs by virtue of end-sequencing 2-kbp, 10-kbp, and 50-kbp inserts from shotgun clone libraries. 
I
n 2000 Celera scientists in collaboration with the publicly funded Drosophila Genome Project published the wholegenome assembly of the Drosophila genome (1) with a description of the paired end sequencing strategy and the new algorithms (2) that enabled this historic assembly. Over the subsequent 2 years, remaining gaps in the Drosophila genome sequence were closed, and the order and orientation of the sequence were confirmed. The completed Drosophila genome sequence permitted a retrospective analysis of the quality of the initial whole-genome shotgun assembly (3) . This study demonstrated that the computationally assembled genome sequence was highly accurate and served as a good substrate for finishing a eukaryotic genome (3) .
In February 2001 both Celera and the International Human Genome Sequencing Consortium (IHGSC) published their first drafts of the human genome sequence (4, 5) . In 2001 Celera conducted a whole-genome shotgun sequencing and assembly of the mouse genome based only on 26 million sequence reads generated at Celera (6) by using a refined version of the assembly software. The quality of the mouse assembly exceeded the quality of the reported (4) human assemblies, prompting a new assembly, called WGSA, of the human genome based on only Celera-generated data and bacterial artificial chromosome (BAC) end sequences (7, 8) . In 2003 the National Center for Biotechnology Information (NCBI) released Build 34 of the human genome, hereafter referred to as NCBI-34 (9, 10) . Although this new sequence is not perfect and still has gaps, it constitutes a high-quality reference against which to evaluate the other human genome constructs and assemblies. We analyzed WGSA as well as the published sequences (4, 5) to see how much of the NCBI-34 sequence they cover and how well they reconstructed the order and orientation of the sequence.
The independence of the genome assemblies reported by Celera (4) was challenged in this journal by the principal leaders of the IHGSC (11, 12) . Therefore, we also show the differences in the results reported in refs. 4 and 5 by analyzing which parts of NCBI-34 are covered by each genome assembly. The assemblies cover comparable amounts of the genome but do so in clearly different patterns. As one would expect given 39 times coverage of the human genome in paired-end-sequenced plasmids, all three Celera assemblies have better order and orientation than the consortium sequence (5) . The consortium's clone by clone sequencing method, using BACs (5), resulted in better coverage of exact and nearly exact sequence repeat regions. Because of the presence of both male and female donors for Celera's shotgun sequence, the coverage of the X and especially the Y chromosomes is lower than that for the other chromosomes, resulting in a lower-quality assembly for these chromosomes.
We have submitted the three Celera human genome sequences to GenBank to preserve the historical record and facilitate the ongoing analysis of the human genome.
Whole-Genome Shotgun Sequence of the Human Genome
Although whole-genome shotgun sequencing was initially considered controversial when the first genome was sequenced (13) , it has now become the prevailing approach. The vast majority of genomes sequenced to date have used this method (14) , including the large genomes of Drosophila (1), Anopheles (15) , Mus (6, 16) , Fugu (17) , and Canis (18) .
We present here a WGSA produced by Celera in December 2001 using only whole-genome shotgun sequence data. The Celera shotgun data set consisted of 27 million sequencing reads, of average quality-trimmed length 543 bp, organized in pairs by virtue of end-sequencing 2-kbp, 10-kbp, and 50-kbp inserts from shotgun clone libraries as described (1, 4) . The trimmed sequence reads covered the genome 5.3 times, and the inserts for which pairs of reads were obtained covered the genome 39 times. In addition, 104,000 BAC-end-sequence pairs (7, 8) were used to augment the 50-kbp pairs in providing long range correlations. Assembly was performed with the Celera Assembler, originally described in ref. 2 with improvements made after publication of ref. 4. For such a low level of coverage and such a large genome, the assembly is remarkably coherent, consisting of 330 large scaffolds that constitute 99% of the result, with the remaining 1% divided across 4,610 small scaffolds under 100 kbp. The comparison of WGSA against NCBI-34 allows us to measure its completeness and quality, and to gauge the effort that would be required to finish a mammalian genome from such a sequence. The scaffolds of WGSA span 96.3% of NCBI-34, and the contigs of these scaffolds reconstruct 92.7% of the NCBI-34 sequence. Gaps comprised of a missing region of sequence in an existing clone are generally trivial to close. Of 206,552 such gaps between the contigs of the scaffolds, 201,735 are spanned by at least one 2-kbp or 10-kbp end-sequenced insert (as opposed to only BACs or 50-kbp inserts). All but 651 of the spanned gaps are flanked by contigs whose order and orientation is consistent with NCBI-34. Thus, nearly half of the uncovered 7.3% of NCBI-34 (3.6%) could be obtained simply by primer directed sequencing of the gaps in WGSA's existing scaffolds. Moreover, 2,218 of the 4,610 small scaffolds under 100 kbp are subsumed by larger scaffolds and could be properly placed during insert-based gap finishing.
Both clone ordered and whole-genome shotgun sequence assemblies have had difficulties resolving the structure of large, highly identical duplications (refs. 19 and 20; Table 1 ). More than 83 Mbp of the 170 Mbp of NCBI-34 that are not represented in WGSA scaffolds involve such duplications. For WGSA, the largest concentration of duplicated sequence is within the unplaced scaffolds: 23% of the unplaced scaffold sequence is so annotated, accounting for 12% of the duplicated sequence that is present in WGSA. Random BAC sampling, or selected BAC sampling based on sequence-anchored probes, could be used to find clones spanning these regions in WGSA. In addition, the shotgun sequence has proven essential for evaluating the nature and extent of these duplications (20) .
We saw in 1999 that for Drosophila (1), increasing the genome coverage from 6.5 times to 11.2 times increased the sequence spanned by large scaffolds by 1.7% and the sequence contained by 5.0%, and reduced the number of gaps by 73.5%. We would expect to see similar improvements if the whole-genome shotgun human data were increased from 5.3 times to 10 times. Given the increasing ratio of the cost of finishing work to shotgun sequencing, we are comfortable stipulating that this is an economical proposition. Finally, we expect WGSA algorithms to continue to improve as they have over the past 3 years. To aid in such improvements, we are making available the Celera Assembler and its source code (myscience.appliedbiosystems.com͞ publications͞compass͞index.jsp).
A comparison of WGSA to the recently published chromosome 6 sequence (21) that is part of NCBI-34 illustrates that WGSA can also contribute to the continuing effort to produce a complete human genome sequence. Along chromosome 6, the authors report 10 remaining gaps, one missing sequence tagged site (STS) marker (D6S1694), and three RefSeq genes (NM004690, NM018452, and NM014034) that are only partially represented (21) . The missing STS marker is present at its correct location and all three RefSeq genes are complete in WGSA. We corroborate the conjecture in ref. 21 that NM014034 was only partially found in NCBI-34 because of a deletion͞polymorphism event in the P1-derived artificial chromosome (PAC) RP3-329L24 (AL132874.30). The first exon of NM014034 is contained in a 56,180-bp region of WGSA not present in NCBI-34, which maps between base pair 119,198,642 and its 3Ј neighbor of NCBI-34 chromosome 6. Scanning the whole genome, we found evidence for more such polymorphisms͞deletions. There are 573 locations where WGSA reports 1,000 or more bases in a spot where NCBI-34 reports less than 100 (see Data Set 4; Data Sets 1-8, Figs. 3-8, Tables 3-13 , and supporting text files are published as supporting information on the PNAS web site). There are also 80 RefSeq genes where one finds at least 5% more of the gene in WGSA than in NCBI-34 (Tables 6 and 7) .
Of the 10 gaps in NCBI-34's chromosome 6, three are due to the centromere and telomeres. The WGSA sequence in the vicinity of the two other gaps near the centromere is rearranged with respect to NCBI-34, suggesting a possible region of largescale polymorphism. The WGSA scaffold spanning the second gap near the centromere suggests that the NCBI-34 contig just after the centromere should be inverted, leaving a 10-kbp gap (Fig. 7) . One gap does not exist in WGSA, suggesting that it is an error in NCBI-34 or is due to a large, near-perfect tandem duplication. The four remaining gaps are largely closed by a total of 691 kbp of WGSA (Fig. 8) , and NCBI-34 has 180 kbp that belong in these gaps but were not placed there. In addition, the missing STS marker, D6S1694, is found in the correct position within one of these gaps.
Over the entire genome, there are 196 gaps in NCBI-34 that are spanned by WGSA. Of the gaps, 38 are completely filled by 85,839 bp, and 136 are partially filled by 3.341 Mbp (Data Set 5). Furthermore, for 56 of these gaps WGSA reveals that at least 2.438 Mbp of unassigned sequence from NCBI-34 belong in those gaps (Data Set 6). Fig. 1a illustrates the ability of WGSA to resolve probable remaining errors of order and orientation of NCBI-34 contigs. Fig. 1b illustrates the potential for filling gaps between contigs. WGSA also contributes additional sequence beyond filling gaps in NCBI-34 (Table 1) ; as with the Drosophila genome sequencing (22) , this sequence may be from heterochromatic regions not covered by the clone-by-clone approach.
The First Human Genome Reconstructions
The first human genome sequences were reported in February 2001 (4, 5) . While Celera produced a whole-genome shotgun data set (as described in ref. 4 and above), the IHGSC produced and deposited into GenBank 33,000 BAC-based data entries in a variety of finished states. Twenty percent of the BACs represented a finished sequence, whereas 75% of the BACs consisted of contigs produced by a PHRAP (www.phrap.org) assembly of a 3-5 times shotgun sequencing of the BAC, which produced an average of 20 contigs with an average length of 8 kbp. The remaining 5% of BACs consisted of only a 1 times sampling of unassembled sequence reads. More extensive results are contained in Tables 3 and 8 and Data Set 8 on the PNAS web site. a Assembly gives the acronym used in the text. b Producers are Celera (www.celeradiscoverysystem.com), University of California, Santa Cruz (UCSC, www.genome.ucsc.edu), and NCBI (www.ncbi.nlm.nih.gov). c Method identifies the computational approach used to produce each assembly: WG, whole-genome; C, compartmental; H, hierarchical. d Data sources are Celera (shotgun reads plus public BAC ends), IHGSC (HGP data), or a combination (Celera data plus a subset of human genomic data from GenBank). e Dates shown are assembly completion date (Celera), data freeze date (UCSC), or release date (NCBI). f Unambiguous bases in the assembly consensus sequence (including ''acgt unmapped''). g Unambiguous bases not assigned to specific chromosome locations. h Contiguous sequence built of overlapping sequencing reads. i Chains of linked contigs. j A base has a 50% chance of being in a contig or scaffold at least this long. k Sum of the lengths of the scaffolds, including internal Ns. l RefSeqs alignable at 50% coverage and 95% identity thresholds. m Bases in matches to segmental duplications in NCBI-34. n Subset of segmental duplication unmapped in this assembly. o Percent of mate pairs indicating a possible misassembly. Mate pair data indicate relative orientation and distance between pairs of sequencing reads. Celera fragments were aligned to each assembly. Where two or more pairs of fragments imply the same rearrangement, they are counted as a possible misassembly. p Percent of aligned mate pairs with one fragment aligned to an unmapped scaffold (see ''acgt unmapped'') while the other is aligned to a mapped scaffold. q Analysis of A2Amapper's one-to-one mapping between each assembly and NCBI-34. Matches, runs, and clumps are successively less restrictive local alignments, derived from the one-to-one mapping, as described in the text. Informally, matches never include gaps Ͼ10 bp, runs never span conflicting matches, and clumps never span a conflict Ͼ50 kbp. r Unambiguous bases within matches. s Unambiguous bases of each assembly outside all matches. t Unambiguous bases of NCBI-34 outside matches to this assembly. u Unambiguous NCBI-34 bases within runs. v A matched base has a 50% chance of being in a match͞run͞clump at least this long. w Percent of matched bases in the maximal set of consistent matches, defined by heaviest common subsequence (HCS).
x Percent of matched bases in unmapped scaffolds. y Percent bases in matches in scaffolds disagreeing with NCBI-34 in chromosome assignment, order, or orientation. z Percent of matched bases in scaffold-incompatible matches, where a match is incompatible with its scaffold if it conflicts with the (length-weighted) majority of matches in the scaffold. aa Scaffolds with a consistent subset of incompatible matches Ͼ50 kb. bb Unambigous bases in minority subset(s) for potentially chimeric scaffolds. cc Runs of incompatible matches not counted in ''Potentially chimeric scaffolds.'' dd Unambigous bases in matches in small conflicts.
Celera produced two assemblies based on different approaches (4). Both used, in addition to the 5.3 times shotgun data, the GenBank data set above, shredded into 550-bp reads forming a 2 times tiling of the BAC sequence contigs. The combined whole-genome assembly (called WGA) was obtained by applying the Celera assembler to the 27 million Celera reads and 16 million shredded reads from the GenBank data. The Celera assembler used only Celera's paired reads and the BAC end reads to order and orient configs. The second assembly reported (4, 23, 24) , the compartmental shotgun assembly (CSA), first used the BAC organization of the data to determine 3,800 ''compartments'' consisting of BACs and associated Celera data that were determined to cover a given region of a chromosome using Celera's read pairs and inferred sequence overlaps between the BACs. The GenBank data for each compartment was then shredded, combined with Celera's data for the region, and assembled with the Celera assembler, again using only the end-sequence pairs to order and orient contigs within scaffolds (4). The final step for all of the assemblies was to place the scaffolds (Celera) or the fingerprint clone contigs (IHGSC) onto chromosomal locations, based primarily on STS maps. Additional information was used for Celera's CSA (4) and consortium assemblies (5), but for Celera's WGA and WGSA assemblies only the STS maps were used.
An IHGSC result available shortly after ref. 5 , herein referred to as HG06, was built from the GenBank sequence data as of December 2000, and a physical map of its 33,000 BACs (25) . The physical map was assembled by using HindIII restriction digest fingerprints of 354,000 BACs, including the 33,000 selected for sequencing. As described in ref. 5 , contigs from adjoining BAC assemblies were partially ordered and merged based on the BAC overlaps in the physical map. Contigs were further ordered by mapping exons of RefSeq sequences (26) and ESTs, and 1.8 million read pairs from inserts ranging between 2 kbp and 6 kbp that were stored in the SNP consortium database (27) .
In addition to these reported assemblies (4, 5), we also evaluate two assemblies contemporaneous with WGSA. The first is NCBI Build 28 (NCBI-28), based on the consortium data available in December 2001 (when WGSA was produced). The second assembly is another combined whole-genome assembly (WGA2) which was produced at the same time as WGSA to take full advantage of all of the data available. The set of GenBank sequence from September 2001 used for WGA2 had 1.7% more basepairs than the December 2000 set used for WGA. Comparing WGSA, which used only whole-genome shotgun data, and WGA2 shows how much additional sequence of the genome is recovered by adding GenBank data to Celera's shotgun data, because both were assembled with the same version of the software.
Evaluation of the Assemblies Against NCBI-34
Methods and Summary Statistics. We have developed a suite of tools, A2Amapper, for constructing a one-to-one correspondence between pairs of assemblies. Like other whole-genome comparison methods (28) (29) (30) (31) , A2Amapper is based on the identification of seed alignments, in this case unique exact matches, followed by a more aggressive local alignment phase between seeds within nonoverlapping chains of seeds. Cutoffs were carefully tuned to balance sensitivity (finding all correlations), specificity (finding only the true ones), and computational requirements (see Data Set 1). Details about A2Amapper will be presented elsewhere (H.S., J.R.M., C.M.M., M.J.F., S.Y., and G.G.S., unpublished work; R.L., X. Zhao, L.F., C.M.M., and S.I., unpublished work). A2Amapper produces a set of one-to-one matches that are alignments of nearly identical pairs of segments imputed to be analogous up to polymorphisms. Each match aligns a segment of the target genome against a segment of NCBI-34. The segments are nonoverlapping by construction, and we consider the coverage of NCBI-34 to be the sum of the lengths of these segments. This set of matches is the basis for further analysis regarding correctness of order and orientation for which we develop three concepts: runs, heaviest common subsequence, and clumps. One match is consistent with another if in each assembly the segments of the matches are in the same relative order and orientation with no intervening matches between them. A run is a maximal chain of consistent matches. The heaviest common subsequence between two genomes is a subset of the matches for which the sum of the lengths of the matches is maximal and removing all other matches from consideration leaves a single run. Intuitively, the heaviest common subsequence is a global measure of the largest subset of the two assemblies that agree with each other. A clump is a run of 50 kbp or more that can be obtained by eliminating out-of-order matches, giving a local equivalent of the heaviest common subsequence (Supporting Text 1).
Coverage and Order and Orientation. Although the more recent assemblies (WGSA and WGA2) have distanced themselves significantly from the earlier ones (CSA, WGA, and HG06) in terms of quality, the earlier assemblies covered 86-88% of NCBI-34 (Table 1) . CSA and WGA placed 79-80% of the covered sequence in the correct order and orientation, whereas HG06 positioned 74% correctly. This improved order and orientation is also demonstrated by longer runs and clumps and higher mate pair satisfaction rates (see Supporting Text 2 and  Tables 9 and 10 ) for CSA and WGA relative to HG06 (Table 1) . HG06 displayed a greater match length, mostly reflecting the larger numbers of gaps between contigs in the Celera drafts. In the case of WGA, nearly 9% of matches to NCBI-34 are found on unmapped scaffolds (Table 1) , with an additional 10% being in mismapped scaffolds, whereas less than 1% of sequence involved an intra-scaffold conflict. This implies that most of the order and orientation conflicts were due to incorrect mapping of scaffolds and not the order of contigs within a scaffold. HG06 shows a large amount, more than 16%, of sequence in scaffolds that are in the wrong location or orientation, and has more than 9% of the total sequence in conflict with the majority of the containing scaffold. In addition to mismapped scaffolds, all assemblies had subscaffold segments that were misplaced (Table  1 ). Many such small discrepancies were assembly errors that could be corrected by routine gap closure, as discussed above.
WGSA and WGA2 provide 93% and 96% coverage of NCBI-34, of which Ϸ97% is in globally consistent order and orientation. The quality of WGSA is remarkable in light of it having less input data than any other assembly, although it does have three clear limitations: relatively short contigs largely reflecting low coverage, unresolved ubiquitous repeats, and missing segmental duplications. The latter is reflected by low run coverage near NCBI-34's centromeres (Data Set 3). Manual curation of WGSA identified 16 clearly chimeric scaffolds and 3,912 smaller segments totaling 8.1 Mbp that were also out of order, reflecting some combination of misassembled contigs, transpositions within a scaffold, structural polymorphism between donors, and errors in the one-to-one mapping produced by A2Amapper. (Fig. 1a illustrates why a manual curation of order and orientation discrepancies is necessary.) Probably because of low shotgun sequence coverage, a disproportionate number of the discrepancies are on the X and Y chromosomes. NCBI-28, a contemporary of WGSA, had similarly high coverage, but despite generally longer contigs and scaffolds, its order and orientation results were closer to those of the earlier assemblies, reflecting problems with mapping scaffolds onto chromosomes. The general patterns described above regarding order and orientation are illustrated in Fig. 1 .
CSA, WGA, and HG06 all cover 86-88% of NCBI-34 (Table  1 ), yet their union covers 96.7%. Since the input to the CSA and WGA assemblies included a representation of almost all of the data input to the HG06 assembly, one must conclude that the differing methods of construction reproduced different parts of the genome. If the CSA and WGA assemblies were merely reconstituting the shredded BAC data and adding a little additional data, then both CSA and WGA should be slight supersets of HG06 and they clearly are not. Table 2 shows a statistical measure of similarity for various pairs of assemblies. Despite the fact that WGA and CSA involved the GenBank data, WGA, CSA, and WGSA are all quite different from HG06 and quite similar to each other. One can get a picture of the impact of adding shredded GenBank data to Celera's 5.3 times shotgun data set by examining a pair of assemblies performed with the I(A, B) Cells are coded for low, medium, and high similarity by plain, bold, and underlined bold text, respectively. Let c A be the fraction of NCBI-34 covered by assembly A, and let c AപB be the fraction shared by both assemblies A and B. If both assemblies A and B cover large amounts of the genome (c A and cB), then they must also share a large portion of the genome (c AപB same version of the assembly software where one uses just Celera data, and the other uses the combined data set. The only pair of assemblies satisfying this property is WGSA and WGA2. Close examination reveals that WGA2 is largely a superset of WGSA. There are 12.7 Mbp in WGSA lost in WGA2 because of the addition of the shredded data, but 114.4 Mbp are gained in WGA2, 90.0 Mbp of which are filling gaps in WGSA scaffolds. Thus adding the shredded reads resulted in 3.4% more of the genome being reconstructed with contig statistics improving as expected for the given increase in coverage.
Evaluation of the Assemblies Against RefSeq
A good indicator for the annotation potential of a genome is the rate and quality of mapping of known full-length mRNA sequences, for instance those contained in the RefSeq repository (26) . We developed a high-throughput mapping tool, called ESTmapper (L.F. and B.W., unpublished work), to efficiently align full-length and first-pass cDNA (mRNA, EST) sequences to a sequence assembly. Like its predecessor SIM4 (32) , ESTmapper generates a nucleotide-level alignment between the query sequence and the target genome. We mapped the 19,667 human mRNA sequences in the August 2003 RefSeq data set to each of the genomes at different coverage cutoffs ( Fig. 2 and Data Set 2). With small exceptions, the order that this measure induces on the set of assemblies does not change with varying coverage cutoffs. The more complete assemblies (WGA2 and NCBI-34) performed better than WGSA, which in turn shows considerably higher integrity than the earlier assemblies (WGA, CSA, and HG06) at all but the highest coverage thresholds. As the performance of WGSA versus WGA2 reveals, it is completeness rather than continuity of order and orientation that is the main issue: WGSA has a part of almost every gene that WGA2 and NCBI-34 do, but because it is an assembly of only 5.3 times data, enough sequence is missing to cause a larger drop as the coverage threshold increases. Further evidence of this observation is that 470 RefSeq sequences have less than 95% of their base pairs mapped to NCBI-34, whereas only 89 sequences were inconsistent with NCBI-34's sequence order. The same pattern holds for all of the other assemblies. WGA2, based only on a slight update on the original combined data sets, is nearly as complete as NCBI-34.
Conclusion
The Celera Assembler, first described in 2000 with the successful assembly of the Drosophila genome (1), was used with modification for the initial assemblies of the human genome reported in (4), and with further modification was used for the successful assembly of the mouse genome (6), the dog genome (18) , and the Anopheles mosquito genome (15) . The same assembler was used for the whole-genome shotgun assembly of the human genome reported here. With coverage of 92.7% of the NCBI-34 sequence, and continuity close to that of NCBI-34, WGSA clearly shows that a high-quality genome sequence can be assembled from the Celera proprietary data alone, independently of the IHGSC data and methods. Indeed, WGSA provides valuable additions and corrections to the nearly complete human genome, NCBI-34. Thus, whole-genome shotgun assembly can give a high-quality draft, much higher than that originally released by either Celera or the IHGSC, of a higher eukaryote at a remarkably modest level of coverage.
